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Abstract In order to study the effect of yttrium as alloying element on the high-
temperature oxidation of an alumina-forming alloy, 0.093 wt% yttrium was incor-
porated into a model FeCrAl alloy. Yttrium has a beneficial effect on the isothermal
oxidation behavior in air at 1100 °C. Glancing angle X-ray diffraction made on a
sample oxidized for 1000 h under thermal cycling conditions indicated that yttrium
is located at the internal interface as Y3AlsO;,. Secondary neutral mass spec-
trometry results showed that the diffusion mechanism is modified by the presence of
yttrium as an alloying element. Moreover, the beneficial effect of yttrium on the
alloy oxidation is also related to a reduced metallic grain size. The growth of metal
grains during oxidation was especially observed on the yttrium-free FeCrAl alloy. It
is also well established that the diffusion mechanism in the oxide scale is modified
by yttrium. The aim of the present work was to show that yttrium also plays a role
on the aluminum diffusion in the metallic substrate and has a strong influence on the
kinetic transient stage during the FeCrAl-0.1Y oxidation.
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Introduction

The excellent oxidation resistance of FeCrAl alloys is due to the formation of a slow
growing and adherent alumina scale. In order to increase the oxidation properties,
reactive elements can be introduced in the alloy. The beneficial effect of rare earth
element (REE) on the high-temperature oxidation of alloys has already been studied
by several authors [1-6]. Previous works were generally conducted on industrial
steels such as Kanthal AF [7, 8]. Nevertheless, in such alloys other minor elements
could influence the oxidation resistance at high temperature. Sulfur can also show a
bad influence on scale adherence [9, 10], introduction of small amount of
magnesium induces MgAl,O, formation in the outer part of the alumina scale [11],
and titanium and zirconium have negative effects on the alloy lifetime [12]. It is
thus interesting to investigate the specific effect of yttrium on the oxidation of an
alumina-forming alloy by using a high-purity model substrate. A small amount of
yttrium decreases the oxidation growth rate of alumina and increases the scale
adhesion on the metallic substrate. The role of yttrium in the alloys depends upon its
introduction mode. The beneficial effect is observed when yttrium is introduced in
the alloy and not only deposited on the surface [13, 14]. After alumina-forming
alloys oxidation, Zhenyu Liu has localized the RE along alumina grain boundaries
[15-17]. Nevertheless, it is very difficult to observe yttrium located inside the oxide
scale. Recently, Hellstrom et al. [18] explained that yttrium particles become
incorporated into the scale during oxidation because of metal recession. Further-
more, the beneficial effect of yttrium is related to the suppression of the linear
transient stage on kinetic curves. In order to better understand the role of yttrium,
the oxidation of model alumina-forming alloys at 1100 °C has been followed by
several analytical techniques such as X-ray diffraction; thermogravimetric analysis;
glow discharge optical emission spectrometry.

Experimental Procedures

The two materials investigated in this study are model alumina-forming alloys. Each
alloy composition is given in Table 1. In order to study the effect of yttrium as
alloying element, 0.093 wt% yttrium was incorporated into the model FeCrAl alloy
to give the FeCrAl-0.1Y substrate. The high-purity FeCrAl and FeCrAl-0.1Y alloy
elaborated by fusion of the metallic elements under vacuum. The ingot was
transformed into a cylindrical bar by forging. They were provided by Pr J. Le Coze
(Ecole des Mines de Saint-Etienne, France), and the analyses were made by optical
emission spectroscopy (OES).

Table 1 FeCrAl and FeCrAl-0.1Y alloy composition in wt%

wt% Fe Cr Al C S o N Y

FeCrAl Bal. 19.98 5.00 <0.001 <0.001 <0.001 <0.001 -
FeCrAl-0.1Y Bal. 19.70 5.00 <0.001 <0.0005 <0.001 <0.001 0.093
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One-mm-thick cylindrical specimens of around 2 cm? total surface area were cut
from the metallic bars. The specimens were abraded up to the 600-grit SiC paper,
then degreased with acetone and finally dried.

In this paper, 1100 °C is the only studied temperature. Various experiments have
been realized as follows: (a) Isothermal oxidation testing was performed during
100 h at 1100 °C in air under the atmospheric pressure using a Setaram TGDTA
92-1600 microthermobalance. (b) For secondary neutral mass spectrometry (SNMS)
examination, samples were oxidized by 200 mBar 1602, during 2 h in a first time,
and then 200 mBar "0, was introduced during 4 h without stopping experiment.
The SNMS examination of the oxide scale was carried out using a VG instrument,
with an Ar" sputter energy of 10 keV under a 45° incidence angle. (c) Oxidation
during 4 h in furnace in air was conducted. The microstructure and elemental
distribution in the oxide scales were analyzed by scanning electron microscopy
(SEM), energy-dispersive X-ray spectrometry (EDX) and glow discharge optical
emission spectrometry (GDOES). After the 4-h oxidation, some specimens have
been polished until the oxide scale has been removed and the alloy microstructure
has been observed and compared to the non-oxidized alloys. (d) Cyclic oxidation
(20 h at 1100 °C and 4 h at 20 °C) was made during 1000-h oxidation time and
glancing angle XRD (GAXRD) was used to analyze the scale composition from the
gas-oxide interface to the oxide-metal interface. (e) In situ X-ray diffraction was
followed by the acquisition of a pattern every hour during the 40-h test at 1100 °C.
In situ patterns were obtained with a high-temperature Anton PAAR HTK 1200
chamber installed in a Philips X’pert MPD diffractometer (CuKal = 0.15406 nm
radiation).

Results
Kinetic Results

Mass gain per unit area versus time curves (Am/A = f{(t)) of alloys without Y- and
yttrium-containing specimens oxidized during 100 h at 1100 °C, in air, are reported
in Fig. 1. The comparison of the kinetic curves shows that the FeCrAl sample has a
higher weight gain during the 100-h oxidation. The introduction of yttrium as
alloying element has a beneficial effect on the oxidation rate since the weight gain is
remarkably reduced all over the 100 h of the test. The calculation of the parabolic
rate constants, from the slope of (Am/A = f(\/ t) [19], evidences that the oxidation
rate is close to each other (Table 2). For the specimen without Y, the first hours of
oxidation have been neglected because a transient linear stage occurs before the
parabolic behavior.

SEM and Optical Micrographic Observations
Substrates micrographs of the specimens have been made before and after 4-h

oxidation in air at 1100 °C (Fig. 2). After the 4-h oxidation, the specimens have
been polished until the oxide scale has been removed. Results show a larger grains
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Fig. 1 Mass gain versus time curves of yttrium alloyed and alloys without Y at 1100 °C, in air

Table 2 Parabolic rate constants of specimens oxidized at 1100 °C in air

Sample FeCrAl FeCrAl-0.1Y

ky (g2 em™*s7) 1.1 x 10712 9.6 x 1071

size for the FeCrAl sample than FeCrAl-0.1Y sample before oxidation. Results also
show that temperature of 1100 °C increases the grains size of FeCrAl sample
(grains size increases by a factor of 8) The same temperature has not much influence
on substrate grains size of FeCrAl-0.1Y sample (factor 1.7). On the yttrium-
containing alloy (FeCrAl-0.1Y) results show that yttrium inhibits the growth of
metallic grain size. The grain sizes are listed in Table 3.

SEM observation and EDXS analysis have not permitted the detection of yttrium
in the oxide scale. Nevertheless, yttrium has been detected in the substrate before
oxidation and in the metallic substrate under the scale obtained after 4-h oxidation
in air (Fig. 3). Before and after oxidation, the white particles are composed of pure
yttrium. In both cases, they cannot be detected by XRD due to their low ratio in the
alloy.

SNMS Results

On FeCrAl specimens, the SNMS results exhibit that after the two-stage experiment
most of the new oxide formed with 80 is located at the external interface (Fig. 4a).
This means that the oxide growth mechanism implies a major cationic diffusion
contribution. The '®O profile also indicates that some new oxide is formed in the
pre-existing Al3°O; scale close to the internal interface. A little contribution of
oxygen inward diffusion must also be considered.

On the yttrium-containing alloy (FeCrAl-0.1Y), the SNMS profiles show that the
'80 peak is concentrated at the bottom of the pre-formed alumina scale, indicating
then that the new oxide is formed at the internal interface (Fig. 4b). The alumina
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FeCrAl before oxidation FeCrAl after 4 h oxidation
at 1100 °C

400 um
I

FeCrAl-0.1Y before FeCrAl-0.1Y after4.h
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Fig. 2 Optical micrographs of yttrium alloyed and non-alloyed specimens

Table 3 Grain sizes of yttried and non-yttried specimens oxidized 4 h at 1100 °C in air

Sample FeCrAl FeCrAl-0.1Y
Oxidation time Oh 4 h Oh 4 h
Average grain size (um?) 186 x 10° 1630 x 10° 31 x 10° 54 x 10°

scale is therefore growing by a predominant inward anionic diffusion process. The
yttrium is mainly detected and seems to be located at the internal interface.

X-Ray Diffraction

On alloys without Y, in situ X-ray diffraction shows the growth of a o-Al,O5 scale
(ICDD 46-1212) during the first 40-h oxidation at 1100 °C, in air. For the FeCrAl-
0.1Y specimens, all along the 40-h oxidation, no yttrium oxides could be detected.
As observed on alloys without Y, a-Al,O3 is the only oxide growing on the
substrate. Nevertheless, we have noticed some differences concerning the relative
diffraction peak intensities observed. In both cases, we can well identify a-Al,O3,
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Fig. 3 SEM obtained on FeCrAl-0.1Y surfaces a before oxidation and b after 4-h oxidation at 1100 °C
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Fig. 4 SNMS results on a FeCrAl and b FeCrAl-0.1Y samples oxidized at 1100 °C during 2 h in
200 mBar '°0,, followed by 4 h in 200 mBar 0,

but it appears that this oxide grows following two different crystallographic
orientations depending on the presence of yttrium.

After 1000 h of thermal cyclic oxidation tests, no spallation was observed on the
FeCrAl-0.1Y alloy, and the analysis by glancing angle X-ray diffraction at various
incident angles are performed to obtain more precise information on the scale
structure (Fig. 5). On the 0-20 pattern at normal incidence, the X-ray penetration
depth is maximal and we can observe the a-Al,0O3 and Y3AlsO, peaks. The pattern
obtained at 2° incidence shows that all the peak intensities decrease but this effect is
more pronounced for the Y;Al;0¢, peaks. This result would indicate that Y3Al50;,
is localized close to the scale-metal interface.

GDOES Results

Figure 6 shows the GDOES depth profiles for elemental distributions in the scales
formed by oxidization for 4 h at 1100 °C in air. The scale/substrate interface is
assumed to be located at the depth where the Fe profile increases, near 3 pm. The
profiles indicate that the scales formed on the yttried and non-yttried samples were
composed of an alumina layer. Nevertheless, it can be observed a more important
chromium presence on the top of the alumina layer for FeCrAl-0.1Y. The profiles
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Fig. 5 Main glancing angle X-ray patterns obtained on yttrium alloying FeCrAl, oxidized at 1100 °C, in
air, during 1000 h of cyclic oxidation

(a) (b)
16 90 25
80 - 14 80
. Y O i e e e s n e
) ; AU S —
) *?ﬂl; i — Fe(wt %) fg 5w %, ) / —-Fe(wt %) =
= B 1 = %
< s "k% ! -- Al(wt %) < c -- Al(wt %) 58
2 ! 8 @ 2 <
= w0 L —Cr(wt %) 74 Z Cr(wt %) g
g i, w¥ 8 1 ¥
g ;l; (6] £ o) >
S / 04 8
05
02
= 0 — et 0
0 5 10 15 20 25 o s 10 15 20 25
Depth (um) Depth (um)

Fig. 6 GDOES depth profiles for the scales formed by oxidation for 4 h at 1100 °C in air: a FeCrAl,
b FeCrAl-0.1Y

also indicate that diffusion of aluminum is not the same in the two samples. The flat
profile of aluminum on the FeCrAl proves that diffusion rate is fast enough in the
substrate to supply the scale with aluminum. For the FeCrAl-0.1Y sample, the
aluminum and oxygen profiles indicate that diffusion of Al is less important than
diffusion of oxygen. The decrease in aluminum diffusion rate is shown in the scale,
but it is also true in the metallic substrate.

Discussion

On FeCrAl specimens oxidized at 1100 °C, in situ XRD shows that only a-Al,O5 is
formed all along the oxidation process. a-Al,O5 is the only oxide observed during
the transient oxidation stage. This result can be related to other works which have
shown that a-Al,O5 is the only oxide detected on oxidized FeCrAl specimens after
cooling to room temperature [15, 20, 21]. On the FeCrAl-0.1Y alloy, yttrium oxides
are not detected by in situ X-ray diffraction after 40-h oxidation.
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The SNMS examination of the oxide scale shows that a mixed diffusion process
occurs on the model alumina-forming alloy oxidized at 1100 °C (Fig. 4a), whereas
a predominant inward oxygen diffusion process is observed in the case of yttrium-
containing specimens (Fig. 4b). The mixed diffusion process promotes ridges
formation and a less protective and adherent scale as proposed by Pint et al. [8]. The
change in the diffusion mechanism is a consequence of the yttrium presence, and an
improvement of the corrosion resistance for the FeCrAl-0.1Y alloy is observed.

In Fig. 6, glancing angle XRD results show that Y;AlsO,, is present close to the
internal interface. But the presence of Y3Als0, at this interface cannot explain the
change in diffusion mechanism because Y3;Al;0,, is only observed after long-term
oxidation, as it is the case during 1000-h thermal cycling tests. Y3AlsO, could not
be detected by in situ XRD after 40-h oxidation. It seems to be mainly located at the
internal interface. Y;Als0,, belongs to the garnet YAG oxide type structure, and
this oxide has been described by other authors [22-24]. As proposed by Liu or
Wood [15, 20], yttrium is probably located at the oxide grain boundaries. It is also
mentioned that Y3AlsO;, is often found segregated along the o-Al,O; grain
boundaries [25-27].

Yttrium is not easily observed in the alumina scale, but it is detected in the
metallic substrate. Figure 3 clearly exhibits that yttrium is still present under the
scale after 4-h oxidation. In light of the anionic diffusion mechanism, Hellstrom
et al. [18] explained that the yttrium particles can be incorporated into the scale
during oxidation because of metal recession.

Isothermal kinetic results (Fig. 1) have shown that alloys without Y have a higher
weight gain compared to FeCrAl-0.1Y samples after 100-h oxidation at 1100 °C in
air. But it cannot be explained by the presence of yttrium in the scale because we
have shown that it takes time for yttrium to be introduced inside the oxide scale. The
FeCrAl-0.1Y sample follows a parabolic growth rate from the beginning of the
oxidation test, contrarily to the FeCrAl sample which presents a transient linear
stage. It then appears that yttrium plays a role but it cannot act inside the alumina
scale at the early stage of oxidation.

Huntz [28] proposed that the oxide scale growth is controlled by “the slowest
process of dominant route”, i.e., the slowest step of the fastest route. This author
considers two routes: route 1 which considers the cation process and route 2 which
considers the anion process. The possible limiting steps applied to this study are
listed Table 4:

Generally, the fast reactions of adsorption are not considered to be the limiting
steps. Thus, if the oxide scale growth is controlled by one (or several) diffusional
phenomena (route 1 or 2), the oxidation rate behavior is parabolic. And if the oxide
scale growth is controlled by a chemical reaction, a linear rate behavior is observed.

Concerning the FeCrAl-0.1Y sample kinetic curve, a parabolic rate behavior is
followed from the beginning of the test. No transient stage is observed. It indicates
that a diffusional process controls the oxide scale growth. Before the formation of a
continuous Al,O; scale, Al or O diffusion in alumina cannot be the limiting step of
the oxide scale growth. If the limiting step of the cationic and anionic routes cannot
be the aluminum or oxygen diffusion in alumina, then it should be the Al diffusion
in the alloy. It corresponds to the first step of route 1 (Table 4) and this process
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Table 4 Limiting step of oxide

scale growth Route 1 Route 2
Al diffusion in FeCrAl 0, = 20,45
Al — APY 3¢~ Ougs +2¢~ — O™~
Al diffusion in Al,O3 O diffusion in Al,O3
2APT + 30,4, — ALO; 307" +2A1 — Al 04

controls the initial oxide scale growth before the establishment of a continuous
alumina scale. This is a diffusional step and this corresponds to the parabolic rate
law followed from the beginning of the test (Fig. 1). According to the yttrium-free
FeCrAl oxidation kinetic curve (Fig. 1), a transient linear stage is observed. In this
case, the Al diffusion in the substrate is fast enough and cannot be the limiting step
of route 1. The chemical reaction between aluminum and oxygen controls the oxide
scale growth during the transient stage, before the formation of a continuous Al,O;
scale.

After the transient stage, a continuous alumina scale is formed on both alloys. A
diffusional process leads to a parabolic behavior. The k, values measured on the
FeCrAl and FeCrAl-0.1Y are close to each other (Table 2). It indicates that similar
limiting diffusion processes are involved through the alumina scales. Figure 4b
emphasizes the fact that the alumina scale grows by an inward anionic diffusion
process on the FeCrAl-0.1Y alloy. The aluminum diffusion in alumina is slightly
faster than oxygen diffusion in alumina. At 1100 °C, Le Gall has found that DA,/
Do = 24, with D4; and Do, respectively, the diffusion coefficients of aluminum and
oxygen in an alumina scale [29]. The anionic oxygen diffusion in alumina scale is
therefore considered as the limiting step.

On the FeCrAl-0.1Y alloy, the presence of chromium (Fig. 6b) in the outer part
of the scale can be explained by the process involved during the transient stage.
With the measurement of Al diffusion in an yttried metallic substrate, Lesage
exhibited that there is a competition between the oxidation rate governed by the
oxygen diffusion through the oxide scale to the oxide/metal interface and the
diffusion of aluminum in the substrate to the metal/oxide interface [30]. In the
present work, the low aluminum diffusion rate in the yttried substrate allows the
chromium oxidation during the transient stage (Fig. 6b). After the transient stage, as
long as the process is governed by anionic diffusion, the chromium stays close to the
outer part of the scale. This is in accordance with what is proposed by other authors
who indicate that the Al,O5 scale structure corresponds to an outward growing of
Al,Os3; a continuous Cr-rich zone; and an inner layer of pure «-Al,O3 [7-31]. The
interface between the two alumina subscales corresponds to the original metal
surface, and chromium is incorporated in this zone during the transient oxidation
stage [18]. The textures of both alumina scales have been discussed by several
authors. The duplex structure of alumina is made of equiaxed grains in the external
part and columnar alumina grains in the inner one [32]. The anionic and cationic
diffusions contribute to the scale development (Fig. 4a), and an equiaxed grain
morphology of the scale is observed [33].
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Our results show that yttrium acts on the Al diffusion in the metallic substrate.
Lesage [30] has shown that at relatively low temperatures (1000-1080 °C), oxygen
diffuses faster in alumina than aluminum in an yttried substrate. And above
1080 °C, the diffusion rate of Al increases faster than oxygen in the scale. In
Lesages’s work, the 1080 °C temperature corresponds to the intermediate temper-
ature between the aluminum atoms flow and the oxygen flow at the metal/oxide
interface. But the alloy microstructure consists of large centimetric elongated grains.
It means that the contribution of grain boundary diffusion is negligible. Our results
show that the FeCrAl-0.1Y alloy microstructure of is not the same compared to the
FeCrAl one (Fig. 2). Yttrium appears to block the alloy grain growth during
oxidation and decreases the aluminum diffusion in the metallic substrate. Metal
grains remain smaller, and thus, the number of grain boundaries remains relatively
high.

The apparent diffusion coefficient can be calculated following Eq. (1):

Dapp = (1 _f)Dsb +ngb (1)

Dy, and Dy, are, respectively, the substrate and grain boundary diffusion coefficients
and f is the volume fraction of grain boundaries: f = 36/¢ where ¢ is the grain
boundary width and @ is the diameter of the grains.

If the grain size is small, fincreases and Dy, is more influent in the expression of
D,pp. In this study, yttrium favors grain boundary aluminum diffusion in the alloy.
Results show that yttrium also decreases D,,,. Dy, is certainly lower in the
Y-containing FeCrAl than in the FeCrAl without yttrium. It is probably also right
for Dg,. If Dypp, of aluminum in Fe [34], FeCrAl [35] and FeCrAlY [30] have been
measured, the contribution of grain boundaries was never discussed.

Yttrium is well known to improve the alumina scale adherence. The influence of
the alloy grain size can also be considered. Horibe and Nakayama [36] have already
stated that on a Fe—18Cr alloy the grain growth of the ferrite might promote the
disruption of the initial oxide. Sasa and Nakayama [37] confirms that grain growth
contribute to the breakaway and subsequent abnormal oxidation for a Fe—17Cr at
1000 °C. Several authors have observed the influence of average grain size of the
metal on oxidation and scale adherence [38—42]. In the present work (Fig. 2) shows
that the alloy grain growth is especially observed on the FeCrAl and the scale
adherence is much better on FeCrAl-0.1Y.

Conclusions

The present work shows that on the yttrium-containing alloy (FeCrAl-0.1Y) the
alumina scale is growing by a predominant inward anionic diffusion process which
leads the formation of a more protective and adherent scale. The role of yttrium is to
block the alloy grain growth during oxidation and decreases the aluminum diffusion
in the alloy. The duplex structure of the alumina scale corresponds to an external
thin equiaxed subscale and an inner columnar one. The interface between the two
layers of alumina has been reported to correspond to the original metal surface, and
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ch
is

romium is incorporated in this zone during the transient oxidation stage. Yttrium
well known to improve the adherence of alumina scales. This work shows that the

oxidation mechanism is also related to the influence of yttrium on the alloy grain
size.
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